Abstract-Thermodynamic calculations for selected silicate-oxide-fluorite assemblages indicate that several commonly occurring fluorite-bearing assemblages are restricted to relatively narrow fo,-fF> fields at constant P-T. The presence of fayalite-ferrohedenbergite-fluorite-quartz
INTRODUCTION
OF THE three most common fluoride minerals known in terrestrial igneous and metamorphic rocks [fluorite (CaF,) , villiaumite (NaF) and cryolite (Na,AlF,)], fluorite is the most abundant (STORMER and CAR-MICHAEL, 1970) . Fluorite is a typical accessory phase in hypersolvus granites, fayalite granites, syenites and nepheline syenites. It is also a common mineral in skarns and hydrothermal veins. Villiaumite and cryolite are best known as rare accessory phases in quartzsaturated and undersaturated rocks, although cryolite occurs in minable quantities at Ivigtut, Greenland. Because of the rarity of these sodium fluorides, one must turn to fluorite reactions and hence reactions involving Ca-silicates in order to evaluate fF2 and fHF in many igneous and metamorphic rocks. Despite the frequent occurrence of fluorite as an accessory phase, there are little experimental data on fluorite stability or the relative stability of other fluoride minerals. STORMER and CARMICHAEL (1970) calculated the relative stabilities of villiaumite. cryolite and fluorite coexisting with acmite-plagioclasemagnetite + nepheline f quartz as a function of fo,-f,,7Y
MUNOZ and EUGSTER (1969) investigated three fluorine-oxygen buffering reactions involving wollastonite-fluorite-quartz, anorthite-fluoritesillimanite-quartz and calcite-fluorite-graphite. Using these buffers Munoz and Eugster established experimentally that phlogopites efficiently scavenge fluorine from the fluid phase. They concluded that the pres-ence of HF in the fluid phase can profoundly affect mica compositions even though HF concentration in equilibrium with the three buffers studied is extremely low.
The MUNOZ-EUGSTER (1969) and the STORMER-CARMICHAEL (1970) studies estimate fluorite stabilities in a few assemblages. However, the stability of fluorite in equilibrium with iron-rich ortho-and clinopyroxenes, fayalite, quartz and iron oxides has not yet been carefully evaluated. Reactions among the minerals in these fluorite-bearing assemblages buffer fo, and fF2, and the presence of these assemblages in Adirondack metamorphics allow a calculation offo2-ff, fugacities in a few orthogneisses.
These data coupled with estimates of fHZo allow restriction of values for fH2 and fHF. We have considered F, and 0, as variables rather than HF and Hz0 because fF2 and fo, directly control the reactions of interest; this eliminates the need for accurate knowledge off,2o and&, in calculations of mineral stabilities using fHF a& j&o as variables. Use offF, and fo, is to be preferred in applicatlon to any rocks wheref&, is uncertain, i.e. most igneous and many metamorphic rocks. Evaluation of gas fugacities is necessary to understand more fully the composition and role of fluids during the Grenville granulite facies metamorphism in the Adirondack Highlands.
ADIRONDACK FLUORITE ASSEMBLAGES
Fluorite is a widespread accessory phase in skarns and gneisses in the Adirotidack Highlands. LEONARD and BUDDINGTON (1964) ferrosalite-scapolite -microcline -sphene ~ fluorite & calcite + andradite biotite-sphene-fluorite + magnetite + sulfidesbiotite-quartz-K-feldspar-magnetite + spessartine + fluorite biotite-quartz-K-feldsparsillimanite-fluorite (tr) plagioclase (tr).
These assemblages do not bufferfrL andJo> by simple reactions except for the last which carries both products and reactants of the reaction 2 anorthite (ss. in plag.) + 2F, = 2 fluorite + 2 sillimanite + 2 quartz + OZ.
If these phases are in equilibrium and the composition of the plagioclase is determined, the univariant curve can be calculated in fF2-foZ space at constant P-7: BU~XXN~;TON and LEONARD (1962) report fluorite in alaskites near South Russell. Fine, Parishville and Oswegatchie in the NW Adirondacks. Typical mineral assemblages are quartz-microcline-plagioclase-amphibole-fluorite + sphene f zircon f biotite _t iron oxides. They also report the assemblage quartz-microperthite-plagioclase-ferrohedenbergitefayalite-hornblende-ilmenite-zircon-fluorite in fayalite granites near Wanakena. New York. At this locality fluorite occurs in association with fayalite-ferrohedenbergite-amphibole clots (see Fig. I ). and it is nearly always juxtaposed to these other mafic minerals. KEMP and ALLING (1925) have reported fluorite-bearing assemblages in the Au Sable Quadrangle. Fluorite occurs in a fayalite granite near Au Sable Forks and in a granite on Palmer Hill. north of ALI Sable Forks. In addition to these localities investigated by the writers. a new fluorite occurrence was also discovered near Lake Pleasant. Fine-grained fluorite (25 ,nm) occurs in a quartz mangerite together with clinopyroxene (HdTO), orthopyroxene (Fs&. quartz. microcline perthite (Ab&. plagioclase (An,,) and magnetite (Uv,,,) . The occurrence of such small grains of primary fluorite in a typical Adirondack orthogneiss is significant; fluorite might be a more common primary phase than reported. Careful microscopic examination of nearly 200 thin sections of charnockite and mangerite has failed to reveal additional fluorite-bearing assemblages. However. small grains (~25 pm) could easily go undetected despite extensive searching, especially in a partially altered rock.
The fluorite-bearing assemblages in the Adirondacks may have buffered oxygen and fluorine fugacities. The buffering reactions are: 3 hedenbergite + 3F, = 3 fluorite + 1 magnetite + 6 quartz + 0, * The cell volume of synthetic hedenbergite (450.04 A3) reported by KURCHAKOVA and AVETISYAN (1974) JANAF (1971 . 1975 ) tables and ROBIE and WALDBAUH (1968 with adjustments as given in HEMINGWAY and ROBIE (1977) and CODATA (1976) . The AC; data for FeFz were obtained from SCHAEFER (1975 (AFSQ) curve relative to the Wo-FI-Q (WFQ) curve has been a matter of some dispute. MUNOZ and LUDINGTON (1974) concluded that the AFSQ buffer was incorrectly located relative to WFQ by MUNOZ and EUGSTER (1969). Munoz and Ludington recalculated the two curves using ROBIN and WALOBAUM'S (1968) data and still inferred a discrepancy with their experimental data. They considered that errors were to be found in the free energy of the alumino-silicates and adjusted the AFSQ curve to be consistent with their experiments. The more recent thermochemical data (Table 1 ) (12) Table  I . Temperature and pressure are fixed at T = IOOOK, P = 7 kbar. at constant P-T(P = 7 kbar, T= 1000 K) are shown in Fig. 2 . The P-Twere chosen so that the diagram would apply to wide areas of the Adirondacks.
Temperatures of 700-800°C for the Adirondacks Highlands have been determined by BOHLEN and ESSENE (1977a) using magnetite-ilmenite and feldspar thermometry (BUDDINGTON and LINDSLEY, 1964; STORMER, 1975) . Pressures in the Adirondacks can be estimated by sphalerite-pyrite-pyrrhotite barometry (BROWN et al., 1978) , by the occurrence of ferrosiliterich orthopyroxenes, by the assemblage fayalitequartz and by the ubiquitous presence of sillimanite. If impurities in the olivine-orthopyroxene-quartz system are considered (BOHLEN and ESSENE, 1977b) , the sulfide, pyroxene and AI,Si05 systems restrict Adirondack pressures to 6 _+ 1 kbar in the Lowlands to 8 &-1 kbar in the Highlands.
The topology (Fig. 2) shows that fluorite-bearing assemblages significantly restrict fluorine fugacities. The upper fF1 limit in terrestrial rocks is apparently represented by the fluoridation of iron oxide to iron fluoride since iron fluoride (a relatively soluble phase) is unknown as a mineral. Other reactions such as the fluoridation of zircon and rutile lie to the fluorinerich side of the iron fluoride curve (Fig. 3) . These reactions presumably restrict maximum fluorine fuga- 0.000 ---_ ** Total corrected for calculated ferric iron cities in most crustal rocks. The writers have also calculated andradite reactions which arise from invariant points involving hedenbergite, so that the diagram might be more widely applicable to skarns and other rocks of the granulite facies. It is shown m Fig. 2 that andradite-bearing assemblages restrict the lower fF, limit of fluorite-hedenbergite stability. A number of typical skarn assemblages such as andradite-wollastonite-hedenbergite-fluorite and andradite-hedenbergite-magnetite-fluorite are univariant for the end-member compositions.
Discovery of fluorite in iron-rich skarns containing garnet-clinopyroxene-wollastonite-quartz and garnet-clinopyroxenemagnetite-quartz described by HOLTZ and WILLDEN (1964) , LEONARD and BUDDINGTON (1964) and BURT (1971) would make these assemblages invariant, fixing fo,-fF,. Hence, one must be careful not to overlook even minor amounts of fluorite in Fe-rich rocks when evaluating fFJ. Figure 2 and similar relations at various other P-Tconditions will be useful in estimating fluorine and oxygen fugacities in a number of skarn assemblages if adjustments in the equilibria are made for mineral impurities.
Although fluorites in Adirondack gneisses are probably igneous in origin, their stability in the subsequently metamorphosed charnockites, mangerites and granites is important since the fluorite-bearing assemblages buffered Jo, and Ji-, during metamorphism. Most of the fluorite-bearing assemblages in granitic rocks are divariant (at constant P-T) and do not uniquely restrict fluorine fugacities.
However. the fayalite-granite assemblages near Wanakena and Au Sable Forks, New York. tightly constrain fluorine and oxygen fugacities. The Wanakena assemblage of fayalite-ferrohedenbergite-amphibole-ilmenite-fluorite-quartz is univariant (at constant P-T and for the endmember system). Oxygen fugacities can be approximated from a fayalite-magnetite (UV,,~ ilmenite (Hm,)-quartz assemblage found in the same rock body less than 0.5 miles away. Applying the Buddington-Lindsley oxygen barometer, this assemblage requires oxygen fugacities of 10-l' bar at 700'C. One cannot assume the oxygen fugacity will be the same throughout the rock body, and indeed slight local variations in&, probably account for the sporadic occurrence of magnetite in the Wanakena fayalite granite. Nevertheless. justification for using IO-" as an approximatefb2
is supported by the data of BOHLEN and ESSENE ( 1964). If oxygen fugacities in the Wanakena fayalite granite are IO-"" bar. then fluorine fugacities can be restricted to 10-'s~h~" 3 bar when impurities in the fayalite and ferrohedenbergite are considered (Fig. 3) .
The effect of additional components on the calculated equilibria can be corrected for by the equation:
where,fb, and,f;, are the calculated fugacities for the end-member minerals at the P-T of interest and where a: af are the activities of product phases i and .i raised to their respective numerical reaction coefficients (h. c...). Similarly a!J. 4 are the activities of the reactant phases x. y, etc.. raised to their numerical reactant coefficients 111, n, etc. When the necessary activity data are not available, the substitution of mole fraction Xi for ai allows calculation of an approximate shift of end-member reactions due to additional components.
The calculated equilibria in Fig. 3 show that fayalite-ferrohedenbergite-fluorite granites require relatively high fF ~ values. above the stability of most plagioclase compositions. Preliminary examination of other fayalite granites suggest the assemblage fayalite-ferrohedenbergite-fluorite-quartz is common and deserves more attention. Rocks containing cryolitequartz at Ivigtut, Greenland and cryolite-topazquartz at Pikes Peak, Colorado (HURLBUT, 1971) may require similar or slightly higher fluorine fugacities than fayalite-hedenbergite-fluorite granites, although the phase relations have not yet been considered in detail.
Rocks not containing fluorite may well have formed under lower fF2 conditions than those discussed in this paper. Rocks containing sphene (which is very common in the Adirondacks) appears to require at least an order of magnitude lower f,, at the same fo, compared to the assemblage Hd-FI-Q-Fa (Fig. 3) . In fluorite-free rocks reactions involving F/OH exchange between coexisting micas, amphiboles.
mica-amphibole or micaiamphiboleapatite must then be sought to estimate,fkl. For these assemblages fHlo and fo, will first need to be estimated before fF1 and & can be evaluated.
The Wanakena fayalite granite is special in that the assemblage fluoriteefayaliteeferrohedenbergiteamphibole is found as clots in a matrix of quartz and feldspar with minor amounts of ilmenite. zircon and apatite (see Fig. I ). There is textural evidence for the reaction: This reaction can be approximately balanced using analyzed mineral compositions (Table 3) if ilmenite, plagioclase, and a fluid (containing H, O. Cl, , F2, 0, ) are considered as additional phases. If the complex decomposition of ferrofluoredenite occurs in this rock, the reaction (for the non-end-member phases) must intersect the univariant reaction: 2 hedenbergite + 2 F, = fayalite + 2 fluorite + 3 quartz + O2
at an invariant point in fo,-fF2 space (at constant P,
T. fop f"zo).
In the Au Sable Forks fayalite granite the assemblage fayalite-ferrohedenbergite-fluoriteemagnetitequartz (Table 4) is invariant in fo2-fF, space at constant P-T For this rock, fF2 and fiZ are lo-'* y1o.3
and 10-'6.4'o.' bar respectively (Fig. 3) . Elsewhere in the outcrop fayalite-magnetite-ilmeniteequartz fixes f,*-T at IO-" bar and 710°C ~BOHLEN and ESSENE. 1977a Of course errors in the calculated phase diagram will generate uncertainty in the esimated fo, and fFJ. However, for the fayalite-magnetite-quartz bearing assemblages. the errors info, will be small since the inferredI,* has been confirmed by magnetite-ilmenite analysis in nearby rocks (BOHLEN and ESSENE, 1977a) . Uncertainties in /;, are generated by errors in AC: for reactants and products of a given reaction. The AC! for hedenbergite probably has a relatively large error as it was calculated simultaneously with andradite from two experimental curves. A change of +3 kcal in AC: (Hd) will shift the calculated fFJ in the hedenbergite reactions by about 10'".5. Errors of l-2 kcal must still be anticipated for many of the other phases in Table 1 . producing errors of approximately lO'o.3 in the calculated curves.
The estimated fFI and fo, in the fayalite granites are generally consistent with the calculated stabilities of other minerals such as zircon, ilmenite, albite, K-feldspar and sphene. The writers did not find the assemblage, ferrohedenbergite-fayalite-fluoritequartz-sphene in rocks from Wanakena consistent with sphene's instability as calculated in Fig. 3 . However, LEONARD and BUDDINGTON (1964) do report sphene in the Wanakena fayalite-ferrohedenbergite granite. posing a problem if it is in equilibrium with fayalite-ferrohedenbergite-quartz-fluorite. This deserves further study particularly in analyzing the sphene to see if additional components can extend the sphene stability field. The relatively large error in the AC; of sphene (HUNT and KERRICK. 1977 ) may also explain the inconsistency.
The stability of albite may be contracted by a more stable reaction involving topaz instead of sillimanite, but no AC; data are available for the topaz calculation.* The calculations suggest that cryolite may be stable instead of albite in some fayalite granites, and it should be considered as a possible phase in such rocks. The effect of solid solution on plagioclase stability was calculated using ORVILLE 'S (1972) Highlands (such as migmatites or restites), it must be concluded that water pressures are much less than solid pressures for granulite facies metamorphism in the Adirondacks. The writers suspect that this may be a general condition of granulite facies metamorphism elsewhere, and it should not be assumed that PHIO z P, in high-grade metamorphic rocks. As might be expected. it appears that 02, H2, F, and HF do not play a significant role in maintaining high fluid pressures in the Adirondacks.
We conclude that PH,O is 20.25 PIolid and that Prluid < P,o,id unless other gas species such as COz or Ar are present in quantities sufficient to maintain high fluid pressures.
